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The in-plane structures of intercalated molecules or atoms in graphite intercalation compounds (GIC's) have been extensively studied for many years. 1 In several GIC's, the x-ray or electron diffraction patterns exhibit distinct diffraction spots, indicating that the intercalated layers are of ordered structures, but the patterns cannot be interpreted by simple in-plane structures. 1 It has been proposed 1 • 2 that, in those GIC's, several structural phases may coexist even in well-staged samples. The traditional diffraction probe beam size is -1 mm for x rays and -1 µ.m for electrons from conventional transmission electron microscopes. Several studies 2 -s have suggested that the typical size of the structural islands is smaller than the size of their probe beams, and their observed patterns consist of diffractions from many domains of various structures.
The stage-1 heavy alkali-metal intercalated graphite compounds are among the few GIC's whose in-plane structures have been well established. However, their high-stage compounds exhibit many interesting structural phases which are not yet fully characterized.1 Consider the high-stage Cs-graphite compound at liquid-nitrogen temperature as an example. An early x-ray study 2 suggested the coexistence of (2 x 2), (3 x .J7), ( .J39 x ../39), and ( .J7 x .J7) superlattices. The (3 x .J7) and ( .J39 x ../39) phases were "characterized by diffraction patterns having an abnormally large number of unobservable reflections. " 2 A recent study 3 • 4 proposed a structure of a modulated incommensurate triangular lattice orientationally locked to the graphite lattice in coexistence with the ( 2 x 2) commensurate phase. Electron diffraction studies 5 • 6 with -1 µ.m beam size yield very complicated patterns. Unlike the cases of Rb-graphite 7 and K-graphite, 8 no detailed analysis has been published, but it is said 6 that the structure is incommensurate.
A scanning transmission electron microscope (STEM) is used in this study to probe the diffraction patterns from individual structural domains in highstage Cs intercalated New York natural single-crystal graphite. The electron beam size on the sample was estimated to be -800 A. The STEM was operated with an electron energy of 18 ke V and at -3 x 10-10 Torr vacuum. The sample holder was in thermal contact with a liquid-nitrogen cold finger and was maintained at 98 ± 2 K. Details of the experimental setup will be presented elsewhere. 9 The sample suitable for STEM study must be only a few hundred A thick. Such a thin alkali-metalgraphite sample could be intercalated or deintercalated within a few seconds by the conventional twotemperature method. The sample is too thin to be characterized by the x-ray, neutron, or optical methods and is easily contaminated. A vacuum sample transfer technique has been developed to handle air-sensitive GIC's. 10 A "nearsaturated" Cs-graphite sample was transferred at lQ-9 Torr vacuum into the STEM and quenched to 98 ± 2 K. A homogenous area of the sample of thickness -500 A was found. The recorded electron diffraction pattern is similar to that shown in Fig.  1 (b) , indicating a ( 2 x 2) superlattice. This was the only pattern observed, and it remained unchanged for one week while the sample was maintained at 98 ± 2 K and 3 x 10-10 Torr vacuum. Therefore it is established that this near-saturated sample is essentially the. stage-1 CsCs.
The sample was then deintercalated at room temperature and lQ-9 Torr vacuum for one week and cooled to 98 ±2 K again. A typical bright-field image from this partially vacuum-desorbed sample is shown in Fig. 1 across the sample, we were able to obtain any of the above patterns, or a superposition of two or three of them. At present, we are not able to correlate the observed pattern with the position in the direct image.
The pattern shown in Fig. 1 (b) corresponds to the well-known (2 x 2) superlattice observed in stage-1 heavy alkali-metal graphite MC8 (M = K, Rb, and Cs). It is also established 2 --4 as one of the structural phases for high-stage Cs-graphite at liquid-nitrogen temperature.
The simple rectangular pattern shown in Fig. 2 (a) can be matched by the (.JS x 2) superlattice shown in of this pattern, corresponding to the three equivalent orientations of the (.JS x 2) superlattice, have been observed. Actually, a set of faint spots can be observed in Fig. 2(a) , which corresponds to the strong set rotated 60° counterclockwise.
The in-plane C:Cs ratio for the p (.JS x 2) superlattice is 8:1. As can be seen in Fig. 2(b The superlattice associated with the pattern shown in Fig. 3(a) is less obvious. Since all diffraction spots fall on the vertical lines connecting the graphite spots, one of the translation vectors in real space must be -J3. The diffraction spots are elongated along the vertical direction, indicating that the translation symmetry along this direction is poorly ordered. We find the pattern is best fitted by the ( .J3 x .JIT) superlattice. A simple ( .J3 x .JIT) superlattice is shown in Fig. 3(b) , and its reciprocallattice is shown in Fig. 3 (c) .
The ( ± 1, k) spots in Fig. 3 (c) are consistent with the observation. However, the (0, ±1) and (0, ±3) spots are missing from Fig. 3 (a) . This can be interpreted as being the result of the nearest-Cs-layer stacking correlation. In contrast to the p (2 x 2) super lattice, where an a layer can be followed by any one of the {3, y, and 8 layers with equal probability, the p ( .J3 x .JIT) has preferred nearest-layer sites. If a Cs layer occupies the a sites as indicated in Fig.   3 (b) , then the next Cs layer has a tendency to locate near the centers of the a lattice, denoted as {3 or (3' sites in Fig. 3 (b) . The Cs atoms should still be at the hexagon centers of the adjacent carbon layers and their exact positions depend on the graphite-layer stacking arrangement and the stage number. This kind of nearest-layer correlation always exists whether the long-range stacking sequence is ordered or not. For the sake of simplicity, we assume a perfect a{3 stacking sequence. The diffraction pattern becomes as shown in Fig. 3 (d) -all ( h, k) spots with odd h + k disappear. A mixture of the a{3 and the af3' phases results in the diffraction pattern shown in Fig. 3 (e) which is consistent with Fig. 3 (a) .
The in-plane C:Cs ratio is 14: 1 for the p ( .J3
x .JIT) superlattice. It is interesting to note that a mixture of one-third p ( .J3 x 2) with two-thirds p( .J3 x .JIT) results in an in-plane C:Cs ratio of 12:1. A nonprimitive in-plane unit cell of ( .J3 x 2) or ( .J3 x .JIT) will result in a too-high in-plane density.
Our unsaturated sample is prepared by vacuum desorption. Desorption under ultrahigh vacuum should be equivalent to deintercalation by the standard two-temperature method with the charge end kept near 0 K. Both should result in higher-stage compounds, possibly mixtures 'of several stages. A recent low-energy-electron diffraction (LEED) study showed that no surface adsorption layer results from vacuum desorption. 11 The x-ray 4 and other studies 1 indicate that, for n :;i!l 2, the in-plane structures are not stage sensitive except some shifts in transition temperatures. Nevertheless, the structures we found are not consistent with the x-ray results. 2 -4 Similar conflicting observations exist between the x-ray and the electron diffraction studies for high-stage Rbgraphite7 and K-graphite. 8 It seems that the in-plane structures for ultrathin GIC samples are different from that of bulk samples. More progress in this field is needed to understand the structural differences of GIC's of various sizes, origins, and preparation conditions.
Both The in-plane structures for intercalation compounds are further complicated by the formation of staging and the interlayer correlation. The inter-intercalation-layer correlation certainly plays an essential role in the formation of in-plane structures, as evidenced by our observation that the same in-plane structure is preserved over more than 100 layers along the c axis. Models more elaborate than that for the surface adsorption system 13 • 1 4 are required to describe the GIC structures.
A highly anisotropic superlattice will yield a diffraction pattern with spots closely packed on a few parallel lines. The superposition of these linelike patterns of various equivalent orientations results in a starlike pattern. Attempts to interpret such a pattern with a single superlattice will result in a very large unit cell and many missing diffraction spots. 2 • 7 For example, the CvXpattern of Kambe et al. 7 has been interpreted as a superposition of ( .Jf2 x M) and ( ,/39
x ,/39) with many missing and extra diffraction spots. We found that the CvXpattern can be matched by a superposition of ( .J3 x .J7), ( .J3 x 3), and ( .J3 x 4), missing only one equivalent set of diffraction spots.
Finally, we point out that there may be other structural phases, especially those with diffuse scattering, which have escaped our observation. We are currently improving the performance of our STEM, and will then study the detailed temperature dependence of the island sizes, the intercalation density distribution, and the in-plane structures, ~s well as the correlation between various in-plane structures and their in-plane densities. 
